Gel electrophoretic analysis of the proteinase inhibitor proteins induced in tomato leaves by airbome methyl jasmonate (EE Farmer, CA Ryan [1990] Proc NatI Acad Sci USA 87: [7713][7714][7715][7716] revealed the new appearance of inhibitors I and 11 and two other, higher molecular mass proteins (63.5 and 87 kilodaltons). Northem analysis of methyl jasmonate-induced inhibitors I and 11 mRNAs in tomato (Lycopersicon esculentum) leaves, and of alfalfa trypsin inhibitor (a Bowman-Birk family inhibitor) mRNA in alfalfa (Medicago sativa) leaves, indicated that nascent inhibitor mRNAs were regulated in a manner similar to wounding, that is, at the transcriptional level. In tobacco (Nicotiana tabacum), transformed with a fused gene composed of the 5' and 3' regions of a wound-inducible potato inhibitor 11 and a chloramphenicol acetyl transferase (CAT) gene coding region, CAT activity was induced in leaves by methyl jasmonate, consistent with a transcriptional regulation of the inhibitor 11 gene. In tomato leaves, inhibitor I and 11 mRNAs and proteins accumulated in leaves distal to those exposed to methyl jasmonate or jasmonic acid to similar levels as in exposed leaves. We suggest that in response to wound signals generated by insect or pathogen attacks, linolenic acid is released into the cytoplasm from plant cell membrane lipids and is rapidly converted in cells to jasmonic acid (or perhaps a closely related derivative such as methyl jasmonate), which serves as a signal to regulate the expression of proteinase inhibitor genes.
Wounding by chewing insects or other mechanical damage results in the localized and systemic accumulation of high levels ofproteinase inhibitor proteins in leaves ofseveral plant families (3, 8, 19) . The newly synthesized inhibitor proteins are part of the array of defensive chemicals that can protect plants against insect pests (9, 10) and pathogens (16) . We recently reported that volatile methyl jasmonate molecules originating from a source several centimeters from tomato, tobacco, and alfalfa plants strongly induced the accumulation of wound-inducible proteinase inhibitor proteins in leaves. Methyl jasmonate originating from the leaves of an Artemisia plant was also able to activate the proteinase inhibitor genes in nearby tomato plants, demonstrating interplant commu- ' nication through the atmosphere (4) . The results suggested that methyl jasmonate, or its parent form, jasmonic acid, was somehow interacting with the wound-inducible signaling pathways of the various plants (4) . The possibility that jasmonic acid was a component of the wound-inducible intracellular signal transduction pathway that activated proteinase inhibitor genes was suggested.
In this communication, we describe further investigation into the role of methyl jasmonate and jasmonic acid as signals that activate the expression of proteinase inhibitor I and II genes in plants. This induction of mRNA synthesis is examined in tomato and alfalfa leaves and the activation of a chimeric gene containing the 5' region of the potato inhibitor II gene fused to the coding region of a CAT3 gene is examined in tobacco leaves. Various methods of induction by methyl jasmonate and jasmonic acid were utilized to further elucidate their possible roles as systemic and/or interplant signals.
MATERIALS AND METHODS

Materials
Tomato (Lycopersicon esculentum, Castlemart II) plants were 13 to 15 d old (two-to three-leaf stage) and had been grown under 17 h light (250 ,uE m-2 s-') at 27°C and 7 h dark at 1 8°C. Four-week-old alfalfa (Medicago sativa cv Vernema) plants were grown under similar conditions. Transgenic tobacco plants (Nicotiana tabacum cv Xanthi) were 4 weeks old and were grown under similar conditions. These plants were an F2 generation transformed with the plasmid pRT45 (23) consisting of a transcriptional fusion of the potato inhibitor II-K 5' region, the open reading frame of the CAT gene, and terminated with the potato inhibitor II-K 3' region.
Methyl jasmonate was purchased from Bedoukian Research, Danbury, CT. This preparation was 90.6% IR,2R-methyl jasmonate and 8.1% lR,2S-methyl jasmonate according to data supplied by the manufacturer. Jasmonic acid was prepared by deesterification of methyl jasmonate under mild alkaline conditions. Briefly, methyl jasmonate (0.5 mL) was mixed with 5 mL MeOH, 150 uL H20, and 0.5 g K2CO3. The mixture was incubated at 60°C for 45 min in a sealed vial then added to water (30 mL). This aqueous mixture was extracted four times with pentane (15 mL) to remove methyl jasmonate. The aqueous phase was then titrated to approximately pH 4.5 with 2 M HCl and extracted four times with diethylether (20 mL with H2 carrier gas (not shown).
Assay Conditions
Plants were exposed to methyl jasmonate vapor in 1250 mL glass chambers fitted with neoprene seals. Aliquots of methyl jasmonate (in ethanol, 1:9) were pipetted onto cottontipped applicators (Puritan, Hardwood Products Co., Guilford, ME) and placed in the chambers with no contact with the tomato plants. The plants were incubated in the sealed chambers in light (300 ME m-2 s-') at 280C. After 24 h, proteinase inhibitor I in tomato leaf juice was assayed by radial immunodiffusion (18, 24) .
Gel Electrophoresis
Plant leaves were frozen in liquid nitrogen, ground to a fine powder, and extracted with the following buffer: 1 M TrisHCl, pH 7.5, containing 0.5 M sucrose, 0.1% (w/v) ascorbic acid, and 0.1% (w/v) cystine-HCl. After centrifugation (Il0,OOOg for 10 min) the supernatants were transferred to new tubes containing approximately 50 mg of Dowex 1 x 2 (preequilibrated in extraction buffer), briefly vortexed, and placed on ice for 5 min before removal of the Dowex by centrifugation (l0,OOOgfor 5 min). The Dowex treatment step was then repeated. Protein was determined by bicinchoninic acid reagent (Pierce). Low molecular mass proteins were analyzed by 13.4% polyacrylamide-urea electrophoresis in the presence of 0.1% SDS (22) . Purified proteinase inhibitor I and II standards were employed as markers. Higher molecular mass proteins were analyzed on 10% polyacrylamide gels containing 0.1% SDS (1 1).
Northern Blotting
Total RNA was extracted from tomato and alfalfa leaves by a modification of the method of Lawton et al. (12) . RNA (20 ,g/lane) was resolved on a formamide/formaldehyde gel and blotted onto nitrocellulose (13) . Tomato proteinase inhibitor I cDNA (6) (a HindIII/EcoRl fragment of plasmid pTI-24) and the tomato proteinase inhibitor II cDNA (7)(a HindIII/EcoRl fragment of plasmid pTI-47) were labeled to a specific activity of approximately 109 cpm ug-' by random priming with a commercial kit. An EcoRl/Xhol fragment of alfalfa trypsin inhibitor cDNA (from B. McGurl) was labeled in a similar way. Northern analysis was carried out as previously described ( 13).
CAT Assays
Tobacco plants transformed with the chimeric inhibitor II-CAT gene from plasmid pRT45 (23) were placed in sealed 1250 mL jars with cotton swabs containing either 1 ML 10% (v/v) methyl jasmonate in ethanol or 1 uL ethanol as controls.
After incubation for 20 h at 28°C in constant light (300 M4E m_2 s_'), two leaves from each plant were assayed for CAT activity as previously described (23) using 100 ug of leaf protein and an assay duration of 60 min at 37°C.
RESULTS
Regulation of Proteinase Inhibitor Genes
We had previously shown that exposure of young tomato plants to methyl jasmonate vapor induced the leaves to accumulate both inhibitor I and inhibitor II proteins to levels up to nearly 300 ,Ag/g leaf tissue (4). SDS-polyacrylamide gel electrophoretic analysis revealed enhanced levels of only four leafproteins in tomato leaves that had been exposed to methyl jasmonate vapor (Fig. 1) . In 13.4% polyacrylamide-urea gels, the only methyl jasmonate-induced proteins detected in leaves were inhibitor I and II (Fig. 1A) . Analysis of the higher molecular mass soluble proteins in 10% polyacrylamide gels revealed the induction of two additional proteins having molecular masses of approximately 63 and 87 kD (Fig. 1B) . These results suggest that the induction of inhibitor I and II by methyl jasmonate vapor is relatively specific.
Tomato leaf mRNA populations were also analyzed for the presence of inhibitor I and II mRNAs. Plants exposed to methyl jasmonate vapors during the period of maximal rates of inhibitor I and II accumulation (8 h after treatment) (4) contained high levels of mRNAs coding for both inhibitor I and II; these mRNAs were not present in leaves of untreated A. plants (Fig. 2) . Methyl jasmonate induced the synthesis of inhibitor I and II proteins and mRNA in a manner similar to wounding, which is known to transcriptionally regulate synthesis of the inhibitor mRNAs (5). In similar experiments with alfalfa plants exposed to methyl jasmonate vapor, the accumulation of ATI mRNA (Fig. 3 ) was induced to much higher levels in leaves than was induced by wounding. This observation confirmed the earlier report in which methyl jasmonate vapor caused the accumulation of over 300 ,ug ATI/g tissue in alfalfa leaves.
Further evidence consistent with the transcriptional regulation of proteinase inhibitor synthesis by methyl jasmonate was obtained using transgenic tobacco plants. Transgenic tobacco containing a chimeric gene composed of a woundinducible inhibitor II gene fused to the CAT structural gene and terminated with the potato inhibitor II gene 3' region had previously been shown to exhibit wound-inducible CAT activity (23) . Exposure of young transgenic tobacco to methyl jasmonate vapor from 1 gL of the compound placed on a cotton wick in a closed Plexiglas box (11.34 m3) resulted in the induction of CAT gene expression in the leaves (Fig. 4) . The induction was consistently higher in lower (older) leaves than in upper leaves. (Fig. 5) and only the single leaf was exposed to methyl jasmonate vapor. Inhibitor I and II were both induced in the leaves exposed to methyl jasmonate vapor and also in unexposed leaves (Table  I) . To establish that the distal signaling was not due to escaped methyl jasmonate molecules, a tomato plant was placed next to the unexposed leaf of the test plant. This "monitor" plant accumulated very little inhibitor proteins ( Table I ), indicating that the induction of the inhibitor in the untreated distal leaves of test plants was due to a signaling process within the plants and was not the result of methyl jasmonate diffusing through the atmosphere.
Northern blot analyses of inhibitor I and II mRNAs in the isolated leaves exposed to methyl jasmonate and in the distal, unexposed leaves confirmed that the systemic induction of the inhibitor proteins was due to increased inhibitor I and II mRNAs (Fig. 6) . The induction is similar to the systemic induction of inhibitors in response to wounding (5 The deesterified form of methyl jasmonate, jasmonic acid, is also a powerful inducer of proteinase inhibitor I and II synthesis when applied directly to surfaces of tomato leaves. The vapor pressure ofjasmonic acid is much lower than that of methyl jasmonate and, under the conditions at which low levels of methyl jasmonate induce proteinase inhibitor synthesis through airborne molecules, jasmonic acid is ineffective as an airborne signal. However, when jasmonic acid was directly applied to leaf surfaces of young tomato plants, either by placing the solution directly on the upper surfaces of the leaves or by applying droplets of the solution on pin pricks, inhibitor synthesis was induced not only in leaves to which it was applied, but in cells of distal, untreated leaves (Table II) .
Jasmonic acid was also tested for its ability to induce the synthesis of proteinase inhibitor I when included in water applied to the soil in which young tomato plants were growing (Fig. 7A) . One milliliter of a 0.5 mm solution ofjasmonic acid was applied to peat pots (50 cm3) containing the plants, and the plants were allowed to grow in a closed glass chamber under light for 24 h before assaying for the induction of the inhibitor I (inhibitor II was not assayed). In parallel experiments with a variety of organic acid solutions at different pH values, no induction of proteinase inhibitor I was observed (not shown). To test for volatility of jasmonic acid or any other airborne inducer produced by the system, untreated tomato plants were placed in the chamber next to the treated plants. The control and test plants were not in direct contact and had totally separate water supplies. Additionally, in a separate chamber, tomato plants were placed next to peat pots treated with jasmonic acid to determine if the soil might convert the acid to a volatile, active form. The addition of jasmonic acid to soil induced the accumulation of inhibitor I in the plants growing in the soil, but no production of volatile inducers occurred because the untreated plants placed near the treated peat pots did not accumulate inhibitor I (Fig. 7A) Figure 5 . Because in our earlier report we noted that airborne methyl jasmonate originating from sagebrush (Artemisia tridentata) leaves could activate proteinase inhibitor synthesis in nearby tomato leaves (4), we wished to determine whether tomato plants that had taken up jasmonic acid through the roots might release the compound upon wounding. Jasmonic acid solution (2 mL, 0.5 mm buffered to pH 6.5 with potassium phosphate) was applied to peat pots containing tomato plants that had been wounded twice on each leaf. These plants were placed in closed chambers with young unwounded-untreated tomato plants (Fig. 7B) . No induction of proteinase inhibitors could be detected in the unwounded plants during a 24 h incubation in close proximity to the jasmonate-treated, wounded plants. This confirmed that tomato plants do not produce volatile proteinase inhibitor-inducing compounds in response to wounding in amounts needed for the induction of proteinase inhibitors in neighboring plants. DISCUSSION The induction of proteinase inhibitor I and inhibitor II accumulation in tomato leaves in response to airborne methyl jasmonate is specific and is not part of a general induction of cellular protein synthesis. The two inhibitor proteins were the only low molecular mass methyljasmonate-inducible proteins detected by SDS-urea gel electrophoresis among the soluble cellular proteins of tomato leaves (Fig. IA) . Two other proteins, of 87 and 63.5 kD, were identified that accumulated in response to atmospheric methyl jasmonate (Fig. 1B) . These two proteins are so far unidentified but are probably not proteinase inhibitor proteins because no plant proteinase inhibitors are known that are larger than about 25 kD. The proteins may be similar to the "vegetative storage proteins" that accumulate in soybeans in response to topically applied jasmonate (2, 14, 21) (Fig.  2) , implying that the synthesis of the inhibitors regulated by methyl jasmonate, as with wounding, is at the transcriptional level. This result was consistent with the demonstration that methyl jasmonate induced the expression ofa chimeric potato inhibitor II-CAT gene in leaves of transgenic tobacco plants (Fig. 4) . This experiment confirmed that the 5' 900 base pair region ofthe potato inhibitor II gene that contains the woundinducible element(s) regulating CAT expression also contains element(s) that can regulate CAT expression in response to methyl jasmonate. Thus, the inhibitor II-CAT fused gene will be useful in analyzing the cis-elements that regulate the gene in response to both wounding and methyl jasmonate.
The similarity between wounding and methyl jasmonate in inducing the synthesis of proteinase inhibitors in leaves extends to other plant species and other proteinase inhibitor families as well. We previously reported (4) that methyl jasmonate induced the accumulation of a proteinase inhibitor in alfalfa leaves (ATI) that is a wound-inducible member of the Bowman-Birk inhibitor family (3) . We have now shown (Fig. 3) that the induction of ATI by both wounding and methyl jasmonate results in increased ATI mRNA levels. The levels of ATI message were strikingly higher in methyl jasmonate-induced leaves than in wounded leaves. This may be the result of the prolonged exposure (8 h) to the methyl jasmonate compared with the single wound that induced ATI mRNA. It may also be that methyl jasmonate is saturating the wound-inducible signal transduction pathway that activates these genes. The responses of several plant families' members to methyl jasmonate and wounding are consistent Figure 7 . A, Induction of inhibitor I in young (14 d with our hypothesis that exogenously supplied methyl jasmonate or its deesterified derivative, jasmonic acid, interact with, and may be part of, the intracellular signaling pathway that regulates wound induction of proteinase inhibitors in many plants. Jasmonic acid in plants has been shown to originate from linolenic acid (25) . We have presented a hypothesis that lipases may be synthesized or activated in response to wounding and that linolenic acid released from membranes may initiate the intracellular transduction pathway leading to proteinase inhibitor synthesis (4, 20) . Free linolenic acid could be converted to jasmonic acid, which may be a key signaling component that may be very close to the trans-element(s) that regulate proteinase inhibitor gene transcription.
Methyl jasmonate in the atmosphere surrounding a single tomato leaf can activate proteinase inhibitor I genes in distal leaves unexposed to methyl jasmonate (Table I, Fig. 6 ). Both inhibitor I and II mRNA and protein increase in response to the inducer. This in turn suggests that methyl jasmonate, or a derivative, or an induced product is being transported to distal leaves, where it induces the synthesis of inhibitor I. Jasmonic acid could be the active derivative, as shown in Table II . The application of jasmonic acid to single tomato leaves through pin pricks, or by simply applying solutions to leaf surfaces, resulted in the induction of inhibitor I protein in distal untreated leaves. Jasmonic acid applied to the soil of young tomato plants also induced the accumulation of inhibitor I in leaves throughout the plants (Fig. 7) . The systemic effect of jasmonic acid in inducing proteinase inhibitors in leaves was shown not to be due to volatile molecules of the compound, nor by the production of volatile molecules such as methyl jasmonate. Plants that had taken up jasmonic acid from the soil were placed in closed chambers with untreated plants. The untreated plants did not exhibit any proteinase inhibitor induction, even when the treated plants were wounded (Fig. 7, A and B) . Evidence has been presented that endogenous jasmonic acid can be transported through the phloem (1) and could thus be a long-distance signal. An alternative explanation in our experiments is that jasmonates induce the synthesis or release of a second, mobile signal that itself is responsible for long-distance signaling within the tomato plant. One possible candidate for such a signal molecule is the recently described polypeptide inducer of proteinase inhibitor synthesis ( 17) . It is also possible that, in nature, endogenous jasmonates act as intercellular signals analogous to paracrine signals such as prostaglandins in animals. Such signals affect cells neighboring the site of synthesis but not the whole organism. Further work will be necessary to distinguish these and other possibilities.
The ability of methyl jasmonate and jasmonic acid at low concentration to powerfully activate proteinase inhibitor genes in tomato, alfalfa, and tobacco suggests that specific receptors are present in these and, perhaps, many species. These receptors could be an integral part of wound-signal transduction pathways with common features. We are currently investigating the steps involved in jasmonic acid biosynthesis in response to wounding. If a lipid-based signaling system is involved, then a jasmonic acid receptor would be a key element in directly regulating proteinase inhibitor synthesis in response to insect attacks.
